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(54) System and method for monitoring combustion and pollutants by means of laser diodes 



(57) A system for monitoring combustion and pollut- 
ants developed in a combustion chamber (7) comprising 
at least one longitudinal single mode laser diode (24) 
emitting a beam of electromagnetic radiation with a fre- 
quency modulated around the resonance frequency of a 
specific spectral absorption line of a component of the 
combustion gases, means (39) for directing tiie beam 
into the combustion chamber (7) along a path (26) 



through the combustion gases to a radiation sensor (28) 
and processing means (29, 30) connected to the sensor 
(28) in order to identify the temperature of the combus- 
tion gases and the concentration of the component with 
die specific absorption line by the measurement of the 
intensity of radiation transmitted at various frequencies 
In a region surrounding the resonance frequency. 
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Description 

FIELD OF THE INVENTION 

The present Invention relates to a system and a 
method for measuring the temperature and the concen- 
tration of Og, CO, HCi and other chemical species con- 
tained in the flames and in the combustion fumes 
developed in thermal plants and Incineration plants. 

The purpose of the measurement is to monitor the 
combustion/incineration and/or the hot neutralization of 
the acid substances resulting from the incineration or 
combustion. 

Although the main field of application of the system 
is that of waste incineration plants, the system can also 
be used in thermal plants supplied with coal, hydrocar- 
bons or gases resulting from the gasification and pyrol- 
ysis of waste, biomasses or other combustibles. 

The need to provide systems for measuring and 
controlling combustion results from the ever greater 
care taken both in optimizing the combustion process 
and in controlling pollutant emissions. The use of fuels 
which are non-homogeneous in form and chemical 
characteristics, such as urban waste in particular, 
increases these problems. 

STATE OF THE ART 

It is in fact known that, in order to achieve complete 
combustion of the fuel it is necessary to provide an 
excess of air relative to the stoichiometric combustion 
ratio, which excess depends upon the physical charac- 
teristics of the fuel but reduces tiie heat yield. Moreover, 
the excess of air favours the development of toxic sub- 
stances such as NOx at high temperatures. 

The main parameter which is generally used for 
monitoring combustion is the temperature in the com- 
bustion chamber which is measured with the use of opti- 
cal pyrometers or video cameras sensitive in the infra- 
red and visible ranges. These systems have quick 
enough responses to permit automatic regulation 
which, however, remains subject to considerat)le uncer- 
tainty. Complementary monitoring of the composition of 
the combustion fumes is also can-led out by the with- 
drawal, cooling and analysis of suitable samples in suit- 
able analyzers (ORSAT equipment and the like). 

The analysis process is relatively slow and is not 
suitable for controlling combustion if heterogeneous 
fuels such as urban waste with greatly variable charac- 
teristics are used. 

Moreover, the standardization of the samples may 
bring about a considerable difference between the com- 
position of the combustion fumes in tiieir actual situation 
and the samples analyzed. 

Absorption spectroscopy systems have also been 
proposed for detecting the concentration of some partic- 
ular pollutant substances in the combustion fumes 
emerging from the plant. 

For example, the document EP-0084726 describes 



a system for detecting the concentration of NH3 in the 
fumes of a plant using two 003 lasers to generate two 
beams of monochromatic light with a wavelength which 
is spectrally selectively absorbed by NH3 and with a 
5 wavelengUi which is not selectively absorbed, respec- 
tively. 

The two beams pass through the fumes of the plant 
along the same active path and the intensity transmitted 
is detected by sensors which provide an indication of 

10 the spectrally selective absortrtion brought by NH3 by 
means of the difference, corrected in dependence on 
any different intensity of emission of the two lasers, and 
cleaned of noise and non spectrally-selective at^sorp- 
tion due to the system, to blown ash and the like. 

IS Since absoibtion depends on temperature as well 
as concenfation, a ttiermoelectric sensor enables \he 
at)sorption measurement to be conrected according to 
temperature, and the concentration of NH3 in the fumes 
to be found. 

20 The problem of the absorption depending on the 
composition of the fumes, that is, of tiie partial pres- 
sures of the various chemical species present is 
avoided by the assumption that some chemical species 
are present in concentrations which are variable within 

25 predetermined limits, which limits the uncertainty of the 
measurement. 

The document EP-0318752 describes a system 
similar to that referred to above in which a single COg 
laser is operated to generate, at distinct time intenmis, 

30 monochromatic light with two wavelengths which are 
specb'ally selectively absorbed and are not absorbed by 
NH3, respectively 

Although the systems described are effective for 
identifying and measuring the concentration of a single 

35 chemical species, even in hot fumes, they are limited in 
their application to cases in which the composition of 
the fumes is only slightly variable but, on the other hand, 
are not suitable for applications in which the composi- 
tion is greatly variable, as in the case of incineration 

40 plants. 

Moreover, they require a temperature measure- 
ment carried out with thermometric probes, the preci- 
sion of the concenfration measurement depending on 
the precision and sensitivity of this temperature meas- 
45 urement which is in any case limited. 

"In situ" use for detecting several chemical species 
would be of prohibitive complexity, bulk and cost owing 
to the need to provide cooling systems, insulation from 
mechanical and sound vibrations, and continuous con- 
so trol and adjustment of the working point for a plurality of 
gas lasers which are intrinsically expensive, bulky and 
require adequate support insti-umentation which is also 
bulky and expensive. 

55 SUMMARY OF THE INVENTION 

These limitations are overcome by the monitoring 
system of the present invention which is simple, com- 
pact and exb-emely precise and can measure the con- 
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centration of a chemical species and its temperature 
with the use of a single source of monochromatic light 
such as a longitudinal single mode laser diode and, with 
the use of several sources of monochromatic light can 
define a map of fume temperatures in various regions of 
a combustion chamber and can precisely measure con- 
centrations of several chemical species of interest. 

This information is available within very short meas- 
urement times of less than 1 00 msec, enabling combus- 
tion to be optimized by the regulation, which may be 
automatic, of the principal parameters such as primary 
air, secondary air, and others (such as the sectorizing of 
the quantity of air in grating furnaces) permitting better 
conta-ol of the most critical regions, reducing excess air, 
unburnt substances and their contribution to the forma- 
tion of pollutants to a minimum, optimizing the con- 
sumption of reagents used to destroy add substances 
such as HCI, HBr, SO2, HF and others, and homogeniz- 
ing the temperature of the fumes before they pass 
through the recovery boiler. 

The intrinsic advantages of the system are: 

- high sensitivity and precision (1 ppm, and 1 "C) 
speed of measurement (100 ms) 

- very wide field of measurement 

- absence of moving parts and chemical reagents or 
catalysts (which are necessary, for example, in con- 
ventional analysis equipment) 

minimal bulk and ease of ti'ansportation and instal- 
lation, 
low cost 

good reliability and zero maintenance. 

These results are achieved by a monitoring system 
according to the invention in which one or more longitu- 
dinal single mode laser diodes emit a beam of mono- 
chromatic light each with a wavelength close to that of a 
preselected absorption line specific to a chemical spe- 
cies to be identified and measured quantitatively. 

The monochromatic light beam or beams, guided 
optically by mirrors or optical fibres If necessary, pene- 
trate the combustion chamber through self-cleaning 
optical windows, pass through the fumes and are col- 
lected by one or more sensors which send signals to a 
processing and control station of the system, which may 
be a remote station. 

The processing and control station imposes on the 
laser diodes a periodic nrodulation of the wavelength 
emitted by the diodes sufficient to scan the entire ampli- 
tude of the preselected absorption line so as to detect 
the complete shape of the absorption line. 

From an analysis of the shape of the absorption line 
carried out by 'lifting" procedures, the processing sta- 
tion can disaiminate between the 'Doppler' or temper- 
ature component of the shape of the line and Vne other 
components and can identify the concentration of the 
chemical species by means of the maximum intensity of 
the Doppler absorption component, and also the tem- 
perature of the chemical species and, naturally, of the 



fumes of which it forms part, by means of the width of 
the Doppler component of the line. 

Unlike known measurement methods which are 
based on the recognition of two absorptions with differ- 

5 ertt wavelengths, the measurement method, which is 
based on a "fitting" operation and hence analysis of the 
complete shape of an absorption line, Is made possible 
by the use of longitudinal single mode laser diodes 
which have a wide tuning range of the order of tens of 

10 GHz associated with a very narrow line width emitted of 
the Older of one MHz which, can be further reduced by 
suitable measures. 

The frequency emitted by the laser diodes can eas- 
ily be varied and controlled by the modulation of Uie 

IS supply cunent and the tenrperature of the working point 
can easily be stabilized by simple and compact tiiermo- 
static systems. 

The devices can also be isolated easily ami 
cheaply from noise and vibrations which are always 

20 present to a consideratile extent in comlxistion plants. 

SHORT DESCRIPTION OF THE DRAWINGS 

The characteristics and advantages of the system 
25 and method of the present invention will become clearer 
from the following description and from the appended 
drawings, in which: 

- Figure 1 shows qualitatively in a graph of at}sorp- 
30 ti'on (A)/frequency f (or pulsation oo) the various 
components which determine the shape of a spec- 
tral absorption line, 

Rgure 2 shows schematically a prefened embodi- 
35 ment of the monitoring system according to the 
present invention, applied to a incinerator with a 

grating. 

DETAILED DESCRIPTION 

40 

Before describing ttie monitoring system and the 
method of the present invention, it is appropriate to set 
out some considerations of a general character before- 
hand. 

45 It is known that tiie absorption lines of an at)sorp- 
tion spectrum for a predetermined chemical species are 
not actually lines corresponding to a predetermined fre- 
quency but absorption bands extending around a pre- 
determined frequency or resonance fi'equency with a 

so shape and width which depends on various factors. 

Monitoring the "natural" broadening which leads to 
a homogeneous t^and width of equal amplitude of the 
order of hundreds of Hz, the factors which contribute 
most to the shape and width of the absorption band are: 

55 

1} Doppler broadening: 

In a gas, the molecules have different velocities with 
different orientations relative to a common reference 
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such as a light source. 

The velocities have a Gaussian distribution 
depending on the gas temperature. 

This distribution causes, by the Doppler effect, a 
corresponding distribution in the frequencies at which s 
the molecules or atoms can absorb the photons. 

The absorption lines therefore assume a bell-like 
Gaussian shape the width of which is greater the higher 
the temperature. 

The shape of the absorption line is described by the io 
function 

where is 

C = the speed of light 

Ao) = the deviation from the resonance fre- 

quency expressed in pulsations 
(A<o = 2nAf). 20 

Kg = the Boltzman constant 

T is the absolute temperature 

a> is the independent variable 

M is the molecular mass 

25 

From this function it is easy to derive the width of 
the absorption line, which is proportional to the square 
root of the absolute temperature and, although propor- 
tionally variable with the frequency and dependent on 
the molecular mass, at ambient temperature and in the so 
range of absorption frequencies corresponding to wave- 
lengths between 1 and 2 urn, is of the order of hundreds 
of MHz and much greater than the natural broadening. 

For example, in the range of wavelengths between 
1 and 2 |im NH3 and H2O molecules have Doppler 35 
widths of 400 and 1 50 MHz respectively at ambient tem- 
perature and at the respective resonance frequencies 
and these are approximately doubled at a temperature 
of 800-900»C. 

40 

2) Broadening owing to 'collision'' or to "pressure": 

When the molecules of a gas or of a mixture of 
gases move, their motion brings them towards one 
another and they interact causing a change in their 4S 
energy and vibration states with an equal probability 
that the molecules will assume an energy level which 
differs from that before the collision by any value 
between ± E where E depends upon the pressure, the 
temperature and other fectors; this causes a homoge- so 
neous broadening of the absorption line which, by this 
effect alone, that is, in the absence of a DOPPLER 
effect, assumes the shape of an equi-absorption band, 
or Lorenztian function centred on the resonance fre- 
quency and having an amplitude H defined by ss 
H = 1/AVl 

and a width Avi defined in short by the equation 
AVl = K(T. P,.P2..Pn).P 



where Av^ is the broadening owing to collisions 
expressed as wavelength, 

K{T, Pi, P2 .. Pn) is a variable coefficient depending 
upon the temperature T and the partial pressures P^ ... 
Pn of the various chemical species constituting the gas- 
eous mixture and P is the total pressure. 

This further broadening is combined with the Dop- 
pler contribution (on all of the lines which make up the 
absorption spectrum determined by the Doppler effect) 
and the resulting effect on the shape of the absorption 
line is that it assumes a Voight profile, that is, a profile of 
the convolution or integral product of the Gaussian func- 
tion and of the Lorentzian function. 

Rgure 1 shows qualitatively in a graph of absorb- 
ency A/frequency the natural shape of an absorption 
line 1 centred on a resonance frequency fg. Uie shape 
resulting from the Doppler effect alone (Gaussian curve 
2), the shape resulting from the broadening owing to 
pressure alone (Lorentzian curve 3} and the Voight pro- 
fOe 4 resulting from the accumulation of the effects. 

As can be seen, the absorbency of the absorption 
line is considerably attenuated at its peak value and is 
spread more uniformly 

The broadening owing to collisions dominates at 
atmospheric pressure where it is of the order of 1 GHz 
and more, that is, of an order of magnitude greater than 
the Doppler contribution, whereas at low pressures of 
the order of 5-10 Tonr there is practically only the Dop- 
pler contribution. 

Whilst the Doppler broadening for a given chemical 
species and resonance frequency depends solely on 
temperature, the broadening owing to collisions 
depends not only upon the pressure but also, and to a 
considerable extent, on the temperature and the com- 
position of the gaseous mixture. 

Since ttie peak absorption value depends on the 
broadening owing to collisions (the areas 5 and 6 of Fig- 
ure 1 should be equal) it is virtually inpossible to iden- 
tify the concentration of a chemical species by an 
absorption peak measurement in the presence of other 
chemical species without knowing their concentrations, 
and hence partial pressures, and the temperature. 

It is clear, however, that if the entire shape of the 
Voight profile (or at least half of it) can be detected it is 
possible, by analytical processing or fitting methods to 
identify the equation of the particular Gaussian curve 
which, combiined with a Lorentzian curve, produces the 
Voight profile shape detected. 

The identification of this Gaussian curve defines its 
width and Us amplitude (peak value). 

By the measurement of the width, which is due 
solely to the Doppler contribution and therefore for a 
given resonance frequency and chemical species 
depends solely on temperature, it is possible to calcu- 
late the temperature. 

The amplitude, on the other hand provides a meas- 
urement of the absort}ency A of tiie chemical species, 
cleaned of the broadening effects due to pressure. 

The absorbency A thus corrected enables, by 
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means of the known Beer Lambert law which links 
transmissivity to concentration: 

l = lo.e''f">'^'- 

where 

Ig = intensity of incident radiation 

I s intensity of radiation transmitted 

a((o}= specific parameter of the chemical 

species considered, variat)!e with fre- 
quency (f=(D/2n) 
N = concentration 
L = length of absorption path, 

enables as said the concentration N of the chemical 
species monitored to be determined. 

Infact A=(lo-l)/lo = 1■e''^'"'^'■ 
This measurement, which is based on the recognition of 
the shape of the absorption spectrum, is independent of 
the pressure and composition and minimizes errors 
resulting from noise and interference which, to have a 
significant effect on the accumulation of the measure- 
ments, would have to have a Gaussian distribution in 
the spectrum of frequencies examined. 

In order to implement this method in an industrial 
conlext, such as an incineration plant or a thermal plant, 
it is necessary to have available one or more sources of 
monochromatic light of extreme spectral purity and with 
a frequency which is adjustable continuously and repet- 
itively throughout the range of frequencies affected by 
the Voight profile relating to an absorption line to be 
analyzed. As already stated, the spectral width of the 
emission should be of the order of a few MHz or less 
and the frequency adjustability should extend to a few 
GHz. The light source should have an intensity which is 
known even if it is not necessarily con^ant at the vari- 
ous scanning frequencies and should be insensitive to 
vibrations and noise. 

The structures for the installation of the light source 
and the control equipment should be simple, cheap and 
compact. 

These requisites, together with those of good relia- 
bility and compactness are satisfied by laser diodes 
emitting in longitudinal single mode, of the type used for 
telecommunications. 

Laser diodes with emission in the red wavelength 
band (0.6-0.7 nm; InGaP diodes) and in the near infra- 
red bands (0.7-0.9 |im: GaAJAs diodes; 1-2 \im: 
InGaAsP diodes) are already on the market 

The emission spectra of these diodes cover a fre- 
quency band in which secondary absorption bands or 
lines of the chemical species of interest in the monitor- 
ing of concentrations of fumes are present and which 
are therefore less intense than the fundamental bands, 
possibly by two orders of magnitude. 

This fdct, which considerably limits the sensitivity of 
measurements effected by conventional techniques 
does not, however, sut>stantially adversely affect the 



precision achievable by the method described. 

Rgure 2 shows, in generally schematic form, a sys- 
tem for monitoring the temperature of fumes applied to 
an incineration plant, for example, of Vne type with a 
5 grating. 

The incineration plant comprises a combustion 
chamber 7 surrounded by refractory walls 8, 9, at the 
base of which a sectorized grating 10, 11, 12, 13 trans- 
ports the fuel constituted by waste to be incinerated. 
10 Air inlet ducts 14, 15, 16, 17 choked by regulating 
shutters 18, 19, 20, 21 admit a suitable flow of combus- 
tion air 22 to the comlnistion chamber 7 through the 
grating and the bed of waste. 

As a result of the combustion, acid substances, par- 
rs ticularly HCI, are developed in the fumes and, in order to 
destroy these, a suitable flow of a basic substance, pref- 
erably CaCOs powder, is admitted to the combustion 
chamber, for example as described in European patent 
application EP-A-0605041. 
20 The admission takes place by means of suitable 
nozzles 23. 

The temperature of the fumes is normally moni- 
tored by thermometric probes, the indications of which 
are used by regulation systems to act appropriately on 

25 the shutters 18, ..21 and/or to activate auxiliary burners, 
not shown, so as to keep the temperature of the fumes 
within a predetermined range, for example 850-950°C. 

It is also desirable to measure the concentration of 
HCI in the fumes in order to regulate the flow of basic 

30 substance appropriately so as to achieve an optimal 
destruction of HCI with the minimum consumption of 
basic substance. 

In order to measure the HCI concentration and the 
temperature jointly, the incineration plant is equipped 

35 with a monitoring and regulation system which com- 
prises a laser diode 24 with longitudinal single mode 
emission which sends a monochromatic radiation beam 
into the combustion chamber 7 through an optical win- 
dow 25, which is preferably self-cleaning, formed in the 

40 wall 8 of the furnace. 

The beam passes through the fumes along an 
absorption path 26 and, through an optical window 27 
formed in ttie wall 8 opposite the wall 9, sti-ikes a radia- 
tion sensor 28 spectrally sensitive to the radiation emit- 

45 ted by the diode 24. 

The analog signal emitted by the sensor 28 is sent 
to an A/D converter 29 and from there to a processing 
and control unit 30. 

To avoid direct exposure of the diode 24 and the 

so sensor 28 to the temperatures of the furnace, these may 
also be installed in positions remote from the furnace 
walls and the light beam may be conveyed from the 
diode 24 to the optical window 25 by means of an opti- 
cal guide 39, in air, inert gas or optical fbre and, from 

55 the optical window 27 to the sensor 28 by equivalent 
means 40. 

Alternatively, to reduce the number of passages 
through the furnace walls, the optical window 27 may 
consist of a mirror which sends the inddent beam teck 
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towards the optical window 25 and through it to the sen- 
sor 28. 

The length of the optical path is thus doubled and 
the sensitivity of the measurement system increased. 

This can be further Increased, within certain limits, 
by multiple reflections. 

Since the spectral purity of the radiation emitted by 
the diode 24 Is affected by sound vibrations of bioth low 
and high frequency, the diode 24 is fitted on an anti- 
vibration support 31 enclosed in a suitable housing 132. 

The support 31 which Is advantageously of material 
with high thermal conductivity such as copper, Is kept at 
a temperature controlled precisely by a temperature 
regulation system comprising a Peltier cell 321 con- 
nected to the support, a resistive temperature-measure- 
ment bridge 322 and a supply 323 for the Peltier cell, 
controlled by feedk>ack of the temperature measure- 
ment. 

A controlled supply 33 supplies the diode 24 with a 
predetermined current supply variable according to pre- 
determined periodic laws, for example, with periodic 
saw-tooth, triangular or even sinusoidal slopes with 
periodicity of the order of 10-20 ms corresponding to a 
frequency of 50-100 Hz. 

As is known, the intensity and frequency of the radi- 
ation emitted by a laser diode vary in dependence on 
the supply current. In known manner 

With a constant temperature ensured by the tem- 
perature control system, it is therefore possible to corre- 
late a predetermined emission Intensity lo and a 
predetermined wavelength of the radiation emitted with 
each predetermined supply current. 

There is no difficulty in obtaining continuous excur- 
sion ranges of the wavelength of radiation emitted of the 
order of 10 GHz and even more from a longitudinal sin- 
gle mode laser diode such as DFB (distributed feed- 
back) or DBF (distributed Bragg reflector) diodes. 

The average emission frequency of the diode 24 is 
selected so as to correspond to a spectral absorption 
line of a chemical species to be determined (in the 
example described, HCO which is advantageously dis- 
tant from other spectral absorption lines of the same 
chemical species or of other chemical species which 
may be present in the fumes, such as CO, COg, H2O, 
SO, N, O2 to prevent Interference between adjacent 
absorption lines. Purely by way of example, in the case 
of HCI, the absorption line corresponding to the second 
overtone at 1207.9 nm may be selected. 

As already stated, by varying the emission fre- 
quency of the laser continuously around the wavelength 
of 1207.9 nm it is possible to detect, by means of the 
sensor 28, the shape of the absorption line throughout a 
region surrounding the nominal wavelength correspond- 
ing to the resonance frequency selected. 

The signal emitted by the sensor 28 is sampled and 
converted into digital form with a suitable period, for 
example 10 t^, by an A/D converter 29. The binary 
code output by ttie converter 29, which is indicative of 
the transmissivity of the optical path 26, is sent to the 



processing unit 30. 

The unit 30 preferably but not necessarily sends 
suitable synchronization signals to the regulation sys- 
tem 33 by means of wires 34 so that the emission inten- 

5 sity of the diode 24 at tiie time, which is variable with the 
supply current, is known. 

The data received in chronological succession by 
the processing unit 30 via the A/D converter 29 are cor- 
rected by the unit 30 in dependence on ttie variable 

10 Intensity emitted and are stored. They are representa- 
tive of the absorption detected point by point throughout 
the band of the absorption line. 

If. as stated, the scanning takes place in 10 ms and 
tine sampling of ttie signal has a periodicity of 10 

15 1000 measurements which precisely describe the 
shape of the absorption line are collected and stored. 

By an examination of ttie data collected, ttie 
processing unit 30. suitably programmed, can identify 
by known litting" techniques or even differential analy- 

20 sis, the Gaussian component of the shape of the 
afctsorption line detected and hence ttie temperature of 
the fumes and the concentration of HCI along the optical 
path as well as the background absorption or noise of 
ttie detection system. 

25 Unlike measurement systems which reduce ran- 
dom measurement errors, but not systematic errors, to 
a minimum by repetition of the measurement under tiie 
same conditions, the mettiod implemented also mini- 
mizes systematic enrors. 

30 It Is possible to establish an analogy between the 
metiiod implemented and holographic techniques; a 
hologram of an object is the description of the image of 
an object by a representation of each point of the Image 
distrasuted at each point of the hologram according to 

35 predetermined optical laws. 

It is possible, by ttie same optical laws, to recon- 
struct the initial image, but a single error occurring in the 
reconstruction in the formation of a point of the holo- 
gram, like the accumulation of single enrors, has a neg- 

40 ligible effect on the image reconstructed. 

These affect the reconsti'ucted Image only If tiie 
errors are distributed according to a law which interferes 
with the optical laws used in the generation and recon- 
struction of the hologram. 

45 In the present case, ttie shape of the absorption 
line is determined according to physical laws such as 
ttie convolution of a Gaussian curve and of a Lx)rentzian 
curve and, by the application of these laws, it is possible 
to derive from the plurality of measurements the Gaus- 

50 sian component and its characteristics parameters even 
if the single measurements are affected by errors. The 
only errors which affect the reconstruction of the Gaus- 
sian curve are errors distributed, in dependence on the 
wavelength, by Gaussian laws; that is not the case for 

55 ttie measurement errors due to noise or to sensitivity 
limits of the detection system. 

It is therefore clear that, after a period for the collec- 
tion of data which, by way of indication may be 10 ms, 
and a processing time which is also very short and of 
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the order of a few tens of milliseconds, the processing 
unit 30 can provide a precise joint measurement of tem- 
perature and concentration even with the use simply of 
a personal computer with limited calculating power. 

By comparing the temperature detected with a s 
desired temperature, the processing unit 30 can gener- 
ate an error signal (analog or digital) which is trans- 
ferred by means of wires 35 to a regulation member 36 
for the opening/closure of the shutters 18 ... 21 and/or 
the control of auxiliary burners. io 

The indication of the HCI concentration can be con- 
verted by suitable laws into a control signal sent through 
wires 37 to a member 38 for regulating the flow of basic 
substance which is admitted to the combustion cham- 
ber. IS 

Clearly, with the use of a plurality of laser diodes 
such as 24, 41 operating at different frequencies, each 
linked with an absorption line of a different chemical 
species, it is possible to identify the concentrations of 
various chemical species of interest such as CO, O2, so 
SOg, NH3. 

As shown in Figure 2, the radiation emitted by the 
various diodes can be conveyed along the same optical 
path or along adjacent optical paths through the same 
optical input and output windows so as to reduce the 2s 
number of penetrations to a minimum. 

The recognition can be carried out by a plurality of 
sensors such as 28, each associated with a diode, or 
even by a single wide-spectrum detection sensor. 

In this second case, electro-optical switches or so 
rotating mechanical obturation devices enable the radi- 
ation emitted by each diode to pass through the window 
25 in different and successive time periods. 

The use of a plurality of diodes and sensors 
arranged so as to form a plurality of optical paths in the 35 
combustion chamber, which are at least partially distinct 
and possibly intersecting, permits the detection of the 
concentration of several chemical species and, at the 
same time, a temperature map of the combustion cham- 
ber by means of which to regulate the combustion by 40 
selective action on the primary air control shutters 
and/or on a plurality of auxiliary burners, or even on 
shutters for deflecting the fumes output by the combus- 
tion chamber to optimize the distribution of the thermal 
flow through the recovery boiler. 4S 

In this case it is also possible to make use of a 
number of sensors smaller than the number of laser 
diodes, the various transit paths which are made to con- 
verge on the sensors being enabled selectively by 
means of shutters. so 

It is also clear that, although the identification 
method described is preferable owing to its precision 
and immunity to interference, less precise analytical 
methods may be used. 

For exanple, if the changes in concentration of the 55 
various components of the fumes have a negligible 
effect on the broadening of the absorption line and com- 
pensate for one another and the width of tiie at)sorption 
line can therefore be considered to depend solely on the 
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temperature, it is possible, by a frequency scanning 
method, to identify the band width and to derive the tem- 
perature therefrom, possibly with the measurement of 
the pressure in the combustion chamber if this differs 
significantiy from atmospheric pressure. 

It is then possible, with the measurement approxi- 
matitMis to which the cited document EP-0084726 
refers, to identify the concentration of the chemical spe- 
cies purely on the basis of the measurement of the 
absorption peak. 

In particular, in the case of a monitoring system in 
which a plurality of laser diodes is used, in order to rec- 
ognize the concentration of different chemical species, if 
temperature mapping is not required, all of the diodes 
except one may operate at frequencies linked with the 
respective atisorption lines in order to measure solely 
the amplitude of the absorption peak and possibly the 
zero level or background absorption level. 

This latter indication, witii the necessary correc- 
tions due to the possible difference in intensity may be 
supplied by the laser diode which has the task of meas- 
uring the temperature by frequency scanning. 

Claims 

1 . A system for monitoring a combustion process with 
tiie development of pollutant substances in the 
combustion fumes in a combustion chamber (7), 
comprising: 

at least one longitudinal single mode laser 
diode (24) emitting radiation at a wavelength 
corresponding to that of a specific spectral 
absorption line of a predetermined chemical 
species, 

modulation means (33) for periodically modu- 
lating the wavelength of radiation emitted in a 
region surrounding that of the absorption line, 

• conveyor means (39) for directing the radiation 
along a transit path (26) through the combus- 
tion chamber (7), 

collector means (40) for receiving a fraction of 
the radiation which has not been absorbed 
along the transit path (26) and for conveying it 
to detection means (28) comprising at least 
one radiation sensor (28), the radiation sensor 
generating a signal con-elated to the intensity of 
the radiation fraction, and 

processing means (29, 30) connected to the 
detection means (28) for identif^ng jointly, in 
dependence on the signal received by tine 
detection means (28) and sampled at succes- 
sive moments, the temperature of the combus- 
tion fumes passed through along the transit 
path and the concentration of the predeter- 
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mined chemical species. 

2. A monitoring system according to Claim 1 , compris- 
ing regulation means (36) connected to the 
processing means (30) for controlling a parameter s 

of the combustion process in dependence on the 
temperature identified by the processing means 
(30). 

3. A monitoring system according to Claim 1 , compris- io 
ing regulation means (38) connected to the 
processing means (30) for controlling a parameter 

of the combustion process in dependence on the 
concentration Identified by the processing means. 

75 

4. A monitoring system according to Claim 1 , compris- 
ing first regulation means (36) connected to the 
processing means (30) for controlling a first param- 
eter of the combustion process in dependence on 
the temperature identified by the processing means zo 

(30) and second regulation means (39) connected 
to the processing means (30) for controlling a sec- 
ond parameter of the combustion process in 
dependence on the concentration identified by the 
processing means. 2S 

5. A monitoring system according to Claim 1 , compris- 
ing at least one second laser diode (41) emitting 
radiation at a wavelength con^esponding to that of a 
specific spectral absorption line of a second prede- so 
termined chemical species, means (39) for direct- 
ing the radiation emitted by the second laser diode 
into the combustion chamber and detector means 
(28) tor generating a second signal, correlated to 
ttie intensity of the fraction of radiation emitted by ss 
the second laser diode which is not absorbed in the 
combustion chamber, tiie second signal being sup- 
plied as an input to the processing means (29, 30) 
and processed by said processing means to iden- 
tify ttie concentratnn of the second chemical spe- w 
cies in the combustion chamber. 

6. A monitoring system according to Claim 1 , compris- 
ing a thermally conductive anti-vibration support 

(31 ) for the at least one laser diode (24) and means 4S 
(321 , 322, 323) with Peltier cells (321) for regulating 

the temperahjre of the anti-vibration support. 

7. A monitoring system according to Claim 5, compris- 
ing an anti-vibration support (31 ) tor the at least one so 
longitudinal single mode laser diode (24) and tiie 
second laser diode (41) and means (321 , 322, 323) 
with Peltier cells (321) for regulating the tempera- 
ture of the anti-vibration support. 

. 55 

8. A method for the joint determination of temperature 
and concentration of a chemical species in a mix- 
ture of gases, consisting of 



passing, through a volume of tiie mixbjre of 
gases, a beam of electromagnetic radiation of 
known intensity and high spectral purity with a 
frequency modulated around the frequency of 
a specific atjsorption line of the chemical spe- 
cies, the absorption line comprising a Gaus- 
sian component, 

measuring the absorption of the radiation in the 
volume at the various frequencies In order to 
derive the spectral distribution of the absorp- 
tion, 

identifying the Gaussian component of the 
spectral disbibution, tiie corresponding tem- 
perature determined by the Gaussian compo- 
nent, and the concentration of the chemical 
species. 



35 
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DETAILED ACTION 

This is responsive to Applicant's amendment filed on 7/21/05. 
Claims 1-32 are examined in this application. 

Claim Rejections - 35 USC § 102 

The following is a quotation of the appropriate paragraphs of 35 U.S.C. 102 that 
form the basis for the rejections under this section made in this Office action: 
A person shall be entitled to a patent unless - 

(b) the invention was patented or described in a printed publication in this or a foreign country or in public 
use or on sale in this country, more than one year prior to the date of application for patent in the United 
states. 

Claims 1-6, 20, and 25 are rejected under 35 U.S.C. 102(b) as being clearly 
anticipated by Anjan et al [USPAT 5,042,905]. 

Anjan et al disclose a sensing apparatus comprising: 
more than one diode laser [1 02 in fig. 7]; 
a multiplexer 104; 

a pitch optic and a catch optic [24, 26 in fig. 3]; 
a process chamber 38; 

a demultiplexer [see column 6, lines 3-41]; and 
adetector 106[fig. 6]. 

In re claims 3 and 4, Anjan et al teach at column 3, lines 22-53 that the single 
mode or multimode optical fiber can be utilized as long as the formula is satisfied by 
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the characteristics of the optical fiber utilized in the device. 

In re claims 5 and 6, a star coupler 66 in fig. 4 is employed as the pitch and catch 
side optical routing device. 

In re claim 20, It Is clear that all the structural limitation near or in the catch side 
optical fiber inherently functions to minimize catch side mode noise. 

In re claim 25, it is clear that all the structural limitation near or in the catch side 
alignment mechanism inherently functions to maximize the quantity of laser light 
coupled to the catch side optical fiber. 

Claim Rejections - 35 USC § 103 

The following is a quotation of 35 U.S.C. 103(a) which forms the basis for all 
obviousness rejections set forth in this Office action: 

(a) A patent may not be obtained though the inventbn is not identically disclosed or desaibed as set 
forth in sectbn 1 02 of this title, if the differences between the subject matter sought to be patented and 
the prior art are such that the subject matter as a whole would have been obvious at the time the 
invention was made to a person having ordinary skill in the art to which said subject matter pertains. 
Patentability shall not be negatived by the manner in which the invention was made. 

This application currently names joint inventors. In considering patentability of 

the claims under 35 U.S.C. 103(a), the examiner presumes that the subject matter of 

the various claims was commonly owned at the time any inventions covered therein 

were made absent any evidence to the contrary. Applicant is advised of the obligation 

under 37 CFR 1 .56 to point out the inventor and invention dates of each claim that was 

not commonly owned at the time a later invention was made in order for the examiner to 

consider the applicability of 35 U.S.C. 103(c) and potential 35 U.S.C. 102(e), (f) or (g) 

prior art under 35 U.S.C. 103(a). 
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Claims 9-13, and 26 are rejected under 35 U.S.C. 103(a) as being 
unpatentable over Anjan et ai in view of Sappey et al [USPUB 20020181856]. 

Anjan et al discloses every aspect of claimed invention except for the multiplexer 
and the demultiplexer comprising an echelle grating. 

Sappey et al show (de)multiplexer comprising an echelle grating. 
It would have been obvious to the ordinary skilled person in the art at the time 
the invention was made to modify Anjan et al's device to include the multiplexer and 
the demultiplexer having the echelle grating as shown in Sappey et al for the purpose 
of enhanced efficiency in propagating optical signals [see Sappey et al's reference, 
column 2, ^0012]. 

In re claim 1 1 , Sappey et al show at column 3, 1|0038 that 1 550 nm can be 
utilized. 

In re claims 12 and 13, Sappey et al teach at column 2, ^0010 that the select 
order is 4-7, the groove spacing can be 171 .4 lines/nm, and the blaze angle can be 
52.75 degrees. 

In re claim 26, it is clear from the Sappey et al fig. 4, 6, 7 that the echelle 
grating is tilted along a first and second orthogonal axes. 
In re claim 36, note that it has been held that a recitation with respect to 
the manner in which a claimed apparatus is intended to be employed does not 
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differentiate ttie claimed apparatus from a prior art apparatus satisfying tlie claimed 
structural limitations. Ex parte Masham, 2 USPQ2d 1647 (1987). 

Allowable Subject Matter 

Claims 7, 8, 14-19, 21-24, 27-31, and 32 are objected to as being dependent 
upon a rejected base claim, but would be allowable if rewritten in independent form 
including all of the limitations of the base claim and any intervening claims. 

The following is a statement of reasons for the indication of allowable subject 
matter: the prior art does not teach or fairiy suggest a sensing apparatus and the 
method comprising all the specific elements with the specific combination including a 
data processing system determining a combustion parameter as set forth in claims 7, 34 
and 45, including the optical coupler optically coupled to the distal end of the pitch side 
optical fiber and a distal end of an un-multiplexed input fiber as set forth in claim 14, 
including the means to mechanically manipulate by twisting the catch side multimode 
optical fiber around the longitudinal axis as set forth in claim 21 , and including the 
means to tilt the catch optic comprising a stepper motor as set forth in claim 27. 

Conclusion 

In formation regarding the status of an application may be obtained from the 
Patent Application Information Retrieval (PAIR) system. Status information for 
published applications may be obtained from either Private PAIR or Public PAIR. 
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Status information for unpublished applications is available through Private PAIR only. 
For more information about the PAIR system, see htto://Dair-clirect.usDto.QOv . Should 
you have questions on access to the Private PAIR system, contact the Electronic 
Business Center (EBC) at 866-217-9197 (toll-free). 

For all official patent application related correspondence for organizations 
reporting to the Commissioner of Patents: 

- Correspondence that is transmitted by facsimile must be directed to the 
central facsimile number, (703) 872-9306. 

The prior art made of record and not relied upon is considered pertinent to 
applicant's disclosure. Further references of interest are cited on Form PLO-892, which 
is attachment to this office action. 

Any inquiry concerning this communication or eariler communications from the 
examiner should be directed to Ellen Kim whose telephone number is (571) 272-2349. 
The examiner can normally be reached on Monday through Thursday. 
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